In the area of fault detect for rotating machinery, the vibration signal should be filtered before parameter detection and quality evaluation. For the filtering of the vibration signal, it is needed to keep the linear phase characteristics while obtaining good filtering effect. Aiming at the filtering problem of vibration signal, a filtering algorithm based on singular value subspace decomposition is proposed in this paper. The Hankel matrix is constructed by the vibration signal to carry on the singular value decomposition. According to the distribution characteristic of the singular value, the singular value space is divided into the signal singular value subspace and the noise singular value subspace. By setting the proper threshold value, the signal singular value subspace is preserved, and the noise singular value subspace is removed, then the filtering effect is achieved. The algorithm is analyzed and simulated based on the measured steam turbine's vibration signal. The experimental results show that the proposed algorithm not only has good effect on noise removal, but also maintains the linear phase characteristics of the signal. At the same time, the calculation amount of this algorithm is smaller than other filtering algorithms, which can be applied to the real-time analysis of the vibration signal.
INTRODUCTION
In the field of state monitoring and fault analysis of rotating machinery, the collection and analysis of vibration signal is an effective method for the equipment's operation state analysis and fault diagnosis. It is inevitable to be interrupted by the noise while sampling and transferring for the vibration signal. The existence of noise will affect the accuracy of the feature extraction and analysis of the vibration signal. Therefore, the filtering of the vibration signal is the first work to be carried out. Because the analysis of the vibration signal is sensitive to the phase, it is needed to keep the linear phase characteristics while obtaining good filtering effect in the filtering process.
SVD (Singular Value Decomposition, SVD) is a very useful tool in the theory of linear matrix. It plays an important role in the analysis of optimization problem, eigenvalue problem, least square problem, generalized matrix problem and statistics (Deepa, 2010; Hamid and Davar, 2013) . The reference (Harikumar and Vinoth, 2014 ) make singular value decomposition for Hilbert spectrum as the fault feature parameter; The reference (Liviu, Andreas and Daniel, 2016) makes two recursive singular value decomposition into the fault traveling wave singularity detection; The reference (Marin and Cipu, 2016) puts forward small window SVD and the single channel SVD method for ground seismic denoising. However, these algorithms based on the SVD are complicated, and there is no an effective method for the signal denosing based on the SVD algorithms, so considering the calculating amount for the algorithms and the characteristic of the vibration signal, it is badly needed to be put forward a signal filtering method to deal with it.
The filtering algorithm based on SVD decomposition is a nonlinear filtering, it starts from the perspective of matrix, the singular value decomposition of matrix which containing the signal characteristics, so as to achieve the filtering effect by extracting the proper singular value (Saeid and Masoumeh, 2016) . This paper applies singular value decomposition into the process of vibration signal by the construction of the singular space. By using the proper threshold, the value of vibration signal can be divided into signal subspace and noise subspace. The denoising effect can be achieved by the efficient reservation of the signal's singular value subspace and the thorough removal of noise's singular value subspace.
VIBRATION SIGNAL ACQUISITION AND FILTERING REQUIREMENTS

Vibration Signal Acquisition and Power Spectrum Analysis
In order to make the analysis of the algorithm more targeted, the actual vibration signal acquisition of the industrial field is carried out. In the process of signal acquisition, the eddy current sensor is adopted as signal acquisition device, which comes from Bentley Company of the United States. The sampling method for vibration signal is multiply sampling (In this paper, 32 multiply sampling).Under ideal conditions, the turbine' s rotation frequency is 50Hz (that is the rotational speed is 3000r/min), so the sampling frequency is 50 32 1600
In order to prevent the spectrum leakage in the process of spectrum analysis, the full-period sampling is used in signal acquisition. In this paper, the signal length is 128 points. In ideal working conditions, the waveform of the collected vibration signal is shown in Figure 1 . It can be seen from Figure 2 , the position of the spectral peak is located at the integral multiple of 50Hz, which is conformed to the theoretical analysis.
During the process of acquisition and transmission for the vibration signal, it will be inevitably affected by noise. In order to study the denoising algorithm, we add Gauss white noise to the vibration signal. The noise length is also 128 points, matching the signal's sampling points. The mean value of the noise is -0.0133, and the variance value of noise is 0.0082.At this time, the SNR (signal to noise ratio, SNR) of the signal is 20dB. The waveform of the noised vibration signal is shown in Figure 3 . It can be seen from Figure 4 , some spectral peak of the power spectrum density is not at the integral multiple of 50Hz, so it can be considered that the noise's power spectrum submerges vibration signal's frequency spectrum. Because the dislocation of the spectrum peaks will directly affect the accuracy of fault monitoring and diagnosis, the reasonable filtering of vibration signal is the premise of fault monitoring and diagnosis of rotating machinery.
The mathematical model of the vibration signal can be expressed as follows：
Where the vibration signal   x n is collected in the ideal condition,   w n is the added Gauss white noise,   y n is the actual measurement signal. The purpose of signal filtering analysis is to make the value of   y n as close as to the value of   x n by the method of mathematical method.
Filtering Requirements for Vibration Signal
In order to carry out the analysis and feature extraction of the vibration signal accurately, the filtering process of the vibration signal has the two following basic requirements:
(1)Each harmonic phase component of the vibration signal contains the position information of the rotating shaft vibration, so it is necessary to ensure that the signal filtering does not produce or produce less phase distortion. The non-linearity of the phase frequency characteristic can cause the distortion of the waveform, which is a manifestation of the phase distortion. Therefore, it is required that the filtering algorithm needs to have a better linear phase characteristic.
(2)Under the premise of ensuring the phase characteristics, the noise should be effectively filtered, so obtain the most real vibration signal which can reflect the operation status of the steam turbine. Especially in the spectrum estimation for the vibration signal, the noise will have a big influence on the variance performance of spectrum estimation and the accuracy of the spectrum peak location.
SINGULAR VALUE DECOMPOSITION OF VIBRATION SIGNAL
Singular Value Decomposition Algorithm
Suppose the order of matrix ( 0) Sharma, 2016) .The eigenvalues of the Hermitian matrix H A A are as follows
Existing the n order unitary matrix V makes
The matrix V can be divided as
From the 1st equation in formula (6) ，we can get
From the 2nd equation in formula (6) ，we can get 
Then Matrix A can be rewritten as
The formula (11) is called the singular value decomposition of matrix A (Winck, Kim, Book and Park, 2012) , in which
The Singular Value Subspace Decomposition Based on Hankel Matrix
Hankel matrix is a matrix whose elements on each vice diagonal lines are equal. According to the actual acquisition model of vibration signal stated above, we can construct a matrix A from the sampled values of vibration signal   y n . The Matrix A can be expressed as follows 
According to the periodicity of the vibration signal, the parameter n can be integer power of 2.This means n can be 64, 32, 16, 8, 4 Where u is a 65 65  matrix, s is a 65 64  matrix, and v is a 64 64  matrix. In formula (14), the elements on the diagonal of s are the singular values of matrix A and the other elements of s are 0.
The elements on the diagonal of Matrix s form the singular value space for the noised vibration signal. When 64  n ，the number of singular value elements of matrix s is 64, and the values are shown in Figure 5 . 
Where the numerical values of       l to 0 in matrix s and reconstruct matrix A , the noise in vibration signal can be eliminated. Then the filtered signal can be obtained from the elements in reconstructed matrix A . This is the basic idea of noise filtering based on singular value subspace.
SINGULAR VALUE DECOMPOSITION FILTERING ALGORITHM FOR VIBRATION SIGNAL
The Algorithm Flow of Singular Value Decomposition Filtering
The flow chart of singular value subspaces decomposition filtering algorithm for the vibration signal is shown in Figure 6 : (
(5)Sum and average the corresponding elements in the matrix B , then we can get the filtered vibration signal   1 y n .
Algorithm Implementation
Get 64  n ，preserving singular value of the first 2 elements of matrix s , the remaining elements are set to 0，the waveform of filtered signal is shown in Figure 7 . After being filtered by singular value subspace decomposition, the vibration signal waveform is smooth, and the 'Burr' apparent removal obviously compared to the Figure 4 from the result. From the Figure 7 , we can see that this algorithm can not only ensure the linear phase after denoising, but also has better filtering effect. Therefore, this algorithm is suitable for the vibration signal denosing.
Estimate the power spectrum by the method of periodogram after being filtered, and the power spectrum density is shown in Figure 8 . 
Performance Analysis for the Filtering Algorithm
Calculating the mean square error (MSE) of the filtered signal and the ideal signal respectively on different value of n and SNR, the results are shown in Table 1 . It can be seen from the table 1 that under different SNR，the optimal filtering effect of the vibration signal is related to the structure of the Hankel matrix A (Because the value of n determines the structure of A ). In order to ensure the filtering effect, the SNR should be estimated in advance according to the actual situation. Then n can be determined according to the experimental results and the Hankel matrix A can be constructed in an optimized manner.
Analysis of the Algorithm's Calculating Amount
For singular value decomposition filtering，the calculating amount of this algorithm is mainly embodied in the matrix decomposition and matrix multiplication. When 1 64  n , calculation is about 1 (65 2 65 64 3) 2 25220 
The complexity of this algorithm is about Through the comparison of the data in the Table 2 , we can see that under the condition of high SNR, when the Wiener filter obtains the better filtering effect, its calculating amount is 2 orders of magnitude higher than the other two algorithms. In the condition of low SNR, SVD filtering effect is better than FIR filtering, and the calculating amount of SVD filtering is less than Wiener filtering. Therefore SVD filtering is more suitable for real time filtering of vibration signal in low SNR.
CONCLUSIONS
In this paper, a filtering algorithm based on singular value decomposition is proposed. Theoretical analysis and simulation results show that:
(1) Singular value subspace decomposition filtering algorithm uses vibration signal to construct Hankel matrix for singular value decomposition. On this basis, singular value subspace is divided into singular value subspace and noise singular value subspace according to the distribution of singular value. By setting the proper threshold, the singular value subspace of signal is preserved and the singular value subspace of noise is removed. Then the filtering effect is achieved by the matrix reconstruction.
(2)The singular value decomposition filtering algorithm can guarantee the linear phase characteristic, and the filtered signal does not produce the phase distortion. The spectrum of the filtered vibration signal meets the requirement of the spectrum analysis.
(3)The calculation amount of singular value decomposition filter algorithm is smaller than the algorithms of the Wiener filtering and FIR filtering, which is suitable for the real-time analysis of the vibration signal.
